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Abstract
COVID-19 has plagued countries worldwide due to its infectious nature. Social distancing
and the use of personal protective equipment (PPE) are two main strategies employed to
prevent its spread. A SIR model with a time-dependent transmission rate is implemented
to examine the effect of social distancing and PPE use in hospitals. These strategies’ effect
on the size and timing of the peak number of infectious individuals are examined as well
as the total number of individuals infected by the epidemic. The effect on the epidemic
of when social distancing is relaxed is also examined. Overall, social distancing was shown
to cause the largest impact in the number of infections. Studying this interaction between
social distancing and PPE use is novel and timely. We show that decisions made at the state
level on implementing social distancing and acquiring adequate PPE have dramatic impact
on the health of its citizens.
Keywords: COVID-19, SIR model, PPE, social distancing
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Introduction

During pandemics, various intervention strategies may be
implemented to reduce disease spread and flatten the infection curve. Flattening the curve allows for smaller
peaks of infections, that are often delayed. This is critical
for the success of health care services. Not only do these
strategies allow for more time to prepare for the influx
of patients, but caring for a smaller number of patients
at one time prevents healthcare providers and systems
from being overwhelmed. It is critical for the safety of
patients and healthcare workers to have enough supplies
during epidemics. Supplies include medications, devices
for patients (e.g. ventilators), and personal protective
equipment (PPE) for the healthcare providers.
The infection examined in this study is COVID-19,
however, the results can be easily applied to other pandemics. COVID-19 is a disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [19].
Common symptoms are respiratory infections, fever and
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dry cough [19]. The average incubation period for
COVID-19 is estimated to be five days [11], and patients
usually develop symptoms within twelve days [11]. The
virus is contracted from other infectious individuals from
direct contact with mouth or nose droplets [19], and from
a person touching an infected object or surface [11]. Social distancing is recommended to help stop the spread
of the virus, which involves maintaining a minimum of
six feet between people. Caley et al. [4] showed that social distancing was effective during the Spanish Influenza
of 1918. Approximately 260 per 100,000 lives were likely
saved as a result of social distancing [4]. Social distancing
is critical in preventing infections when there exist asymptomatic carriers within a community [18] [20]. According
to the Centers for Disease Control and Prevention (CDC),
older adults and those with previous underlying medical
conditions such as heart disease, diabetes and lung disease, are more likely to have serious complications due to
COVID-19 [5].
The Occupational Safety and Health Administration
recommends that all healthcare workers protect themselves with PPE when interacting with COVID-19 patients. Goggles or face shields, facemasks and gloves are
all recommended by the CDC as PPE to prevent the
transmission of SARS-CoV-2 [5]. Contact precautions or
airborne precautions (depending on the patient) and eye
protection should all be utilized to prevent the spread of
the virus [15], as well as standard precautions like washing
2021 Volume 7(1) page 1
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hands. The demand for PPE has soared with increased tion rate, β(t),
prevalence of the virus. Healthcare workers have been encouraged to disinfect and reuse PPE as much as possible
due to the high worldwide demand and shortages [5] [21].
A number of models use the Susceptible, Infectious,
and Removed (SIR) framework to model SARS-CoV-2
transmission under various circumstances. Some include
a quarantine class [21] [8] [3] [14], some include an exposed class [21] [3] [10], and other classes such as asymptomatic [21], immunized [3], and an immigrant population
[14]. We do not include additional classes beyond the SIR
classes to maintain simplicity. We focus on the impact of
social distancing and PPE use on the time and size of the
peak number of infections, regardless if those infections
are asymptomatic or not. Our model includes a timedependent transmission rate, similar to other studies [9]
[12] [6] [17], but these studies do not include social distancing or PPE use. The model by Atkeson is an SIR
model with social distancing included, but does not mention the interplay of PPE on the number of infections
[1].

dS
= −β(t)SI
dt
dI
1
= β(t)SI − I
dt
d
dR
1
= I.
dt
d

(1)

Here d represents the length of time individuals remain
infectious. We incorporate the effects of social distancing
and the loss of PPE in the time-dependent infection rate,
β(t), as well as the effectiveness of each of these intervention strategies on limiting the spread of the disease. This
leads to the following definition of the infection rate,
β(t) = β1 (t)H + β2 (t)(1 − H),

(2)

where H is the proportion of infections due to hospital
transmission. Further for each component of this rate we
define the following:
(
βh Eh , t ≤ Th
In this study we focus on the timing of initiation and
β1 (t) =
(3)
β
t > Th
h,
termination of social distancing and PPE use in hospitals.
(
Assuming early control of the epidemic, we consider the
βs ,
t ≤ Ts
β2 (t) =
(4)
results of removing social distancing restrictions. Overall,
βs Es , t > Ts
we analyze the impact of these intervention strategies on
the total number of infections in a moderately sized state
where βh and βs are the base infection rates in the hospiin the United States.
tal setting and outside the hospital setting, respectively.
Eh is the effectiveness of PPEs in the hospital, and Es
is the effectiveness of social distancing in preventing the
spread of the disease. Th is when the hospital runs out of
effective PPEs. Ts is the initiation time of social distanc2 Model
ing.
The proportion of infections due to hospital transmisThe spread of COVID-19 is complex in many respects. sion varies by community. This proportion is likely to be
Many individuals are asymptomatic [18]. Spread can oc- much smaller in metropolitan areas versus a community
cur between individuals in close proximity through the with a small population where the hospital could be the
air, or through contact to surfaces where the virus can main hub of transmission. The effectiveness of PPE, E ,
h
remain over time [19]. Due to many factors including may vary with the quality of PPE as well as with proper
the inability to conduct widespread testing, it is difficult or repeated use. The effectiveness of social distancing, E ,
s
to estimate infection rates. Additionally, rates found in is likely to vary dramatically between and within commuthe literature vary over a wide range of values [13], [22], nities based on how seriously the local population adhere
[16], [7]. Roda et al. specifically mention that modeling to the rules put forth by the government. The values of
parameters and results vary because of the uncertainty E and E were simulated.
h
s
of when the outbreak began, the complexities in defining
Figures 1 and 2 give examples of the infection paramwho is infected with COVID-19 and the wide range in the eter β (t), β (t), and β when social distancing starts on
1
2
case-infection ratio [16].
day 45 and 105, respectively, and hospitals run out of
The focus on this study is to examine the effect of in- PPEs on day 100. In this example, the hospitals’ proportervention strategies. In particular the strategies of social tion of infections is 15%. In Figure 1 initially β is large
distancing, as well as the lack of availability of PPE in since there is no social distancing, and then decreases,
hospitals. Because of this focus and the uncertainly of once social distancing starts. After β drops, due to the
accurate rates, we use a simple SIR (Susceptible, Infec- start of social distance, it then rises again after the hostious, and Removed) model with a time-dependent infec- pitals run out of PPEs.
www.sporajournal.org
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surfaces, though we assume that social distancing and
the use of proper PPE will dramatically reduce the spread
0.000008
β
through close proximal vicinity including transfer through
β1
surfaces. We also assume for convenience that βs = βh .
β2
0.000006
To examine the effects of these intervention strategies,
the
simulations are divided into three categories of effec0.000004
tiveness of social distancing; high (75%), moderate (60%)
and modest (40% effective). The percent of effectiveness
0.000002
represent the reduction of the base infection rate outside
of the hospital setting, 1 − Eh . We also look at the dif0.000000
0
50
100
150
200
250
ference in the level of hospital transmission from low proportion of 5% to a high proportion of 15%. It is clear that
Days
some of the transmission of the disease is due to transmission through contact within hospitals. Since many
Figure 1: Social distancing begins at 45 days with modest infected individuals, as well as non-infected individuals,
effectiveness level and PPEs are lost at 100 days.
will visit hospitals over the time of the epidemic in relatively close quarters, hospitals can be one of the main
hubs of transmission. It is not clear what percentage
Transmission rates, β1 and β2
this transmission would be within a particular commu0.000008
β
β1
nity. In general the percentage will change over time and
β2
will be affected by the hospital’s protocols and availabil0.000006
ity of PPE. In any particular community at a particular
time the actually percentage could easily fall outside of
0.000004
this range, however, for this study we will assume that
the percentage remains relatively constant at this per0.000002
centages.
To examine the effects of social distancing, we initi0.000000
0
50
100
150
200
250
ate social distancing at different points in time, after 45,
Days
60, 75, 90 and 105 days of the initial outbreak. The effects of initiation social distancing after the peak of infections are fairly modest. These initiation times were
Figure 2: Social distancing begins at 105 days with modchosen based on the peak number of infectious individual
est effectiveness level and PPEs are lost at 100 days.
occurred around 100 days. To explore the loss of PPE, we
consider the cases where there is an early loss of PPE at
50 days, and a loss near the peak of the number of infec3 Results
tious individuals at 100 days. It was assumed that once
In the following simulations we consider the situation at PPE ran out, supplies were not replenished to any signifa state level where many social distancing decisions are icant degree within the time frame of the simulations.
made, as well as some decisions for acquiring PPE. We examine the median state population of 4.5 million, though 3.1 Highly effective social distancing
similar results can be seen for different sized states. As
previously mentioned, locally the parameter values vary Individuals need to obtain food and other goods, and at
from community to community, however here we assume times medical care, which makes social distancing imposthe parameter values represent an average of all the com- sible to achieve at extremely high percentages. In this
munities of the state.
situation we assume highly effective social distancing reParameters were chosen to exhibit a peak in the infec- duces the infection parameter by 75%. We observe in
tious class occurring around 100 days without using any Figure 3 postponing social distancing results in a draintervention strategies. A peak at 100 days was chosen ar- matic increase in the peak number of infections. Starting
bitrarily, though given the data over the first few months social distancing before day 75 results in a peak of approxof the spread of COVID-19 this appears reasonable [2]. imately 225,000, whereas after 75 days, peaks of 1,000,000
We also assumed that individuals would be infectious for or more occur. This is due to the spread of the disease has
two weeks, and that infections occur between close prox- gone past the point of control. Delays in peaks allow for
imity between individuals. It is possible that a disease healthcare agencies both time to prepare and with lower
like COVID-19 may be transmitted through contact with peaks the ability to better handle the patient load.
Transmission rate

Transmission rate

Transmission rates, β1 and β2
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Number of infected with high social distancing effectiveness

Number of infected with moderate social distancing effectiveness
2.0
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Figure 3: The social distancing effectiveness is 75%, hos- Figure 5: The social distancing effectiveness is 60%, hospital transmission is 15% and the hospital runs out of pital transmission is 15% and the hospital runs out of
PPEs at 100 days.
PPEs at 100 days.

Percent infected with high social distancing effectiveness
1.0

Low hospital
transmission with loss
of PPEs on day 50

0.8
0.7
0.6

Low hospital
transmission with loss
of PPEs on day 100

0.5
0.4

High hospital
transmission with loss
of PPEs on day 50

0.3
0.2

130
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115
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95
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90

70

75

60

65

50

55

0.1
45

Percentage of population infected

0.9

High hospital
transmission with loss
of PPEs on day 100

very low levels. Starting social distancing later abates
the effect of hospital transmission since eventually each
situation eventually reaches the same effective β.
In Figure 4 we also see the effects of losing PPEs. For
low hospital transmission the percent eventually infected
drops 3% to 10% for a given day of initiation of social
distancing. In the high hospital transmission case the
percent can drop nearly 20% in some instances. However,
when initiation starts early or very late there is difference
between the early loss of PPEs on day 50, or when PPEs
are lost near the peak of the infection on day 100.

Day when social distancing begins

Figure 4: The percentage of the total population infected
when social distancing has a high effectiveness level.

Comparing β in Figure 1 and 2 we the effect of a delayed
social distancing from initiating on day 45 in the former
and on day 105 in the latter. The former situation has
a lower overall β between day 45 and 105. This decrease
in beta during this time results in the delay in the peak
infections seen in Figure 3. In general initiating social
distancing 15 days earlier results in a delay in the peak
by almost 100 days, unless it starts near 100 days which
is when the peak occurs without any social distancing.
We see similar results in Figure 4 where the overall percentage of people who become infected rises well above
50% when social distancing starts after day 75. This
quickly becomes over 90% of the population having been
infected in most cases where social distancing is started
after 90 days. Also seen in Figure 4 is the importance of
hospital protocols and PPEs where there is high hospital transmission. In the case with low transmission and
early social distancing, the epidemic can be controlled to
www.sporajournal.org

3.2

Moderately effective
social distancing

In the case with moderately effective social distancing,
with a reduction of 60% in the infection parameter, we
see in some cases more than twice the size in infection
peaks than in the highly effective case, such as in Figure 5. This decrease in the effectiveness results in the
peaks with early social distancing range from 550,000 to
600,000 individuals, whereas the with late social distancing the peaks are again over 1,000,000. Overall this is a
significant rise in the peak number of cases with this drop
in effectiveness.
There are still delays in the peak with early initiation of social distancing, though the delays are noticeably
shorter. In the highly effective case the peaks occurred
around 340, 250, and 150 days for social distancing initiation occurring on day 45, 60 and 75, respectively. In
the moderately effective scenario the peaks occur approximately on days 200, 170 and 140. Overall these peaks
are delayed by approximately a month for implementing
15 days earlier. This is around a third of the delay in the
highly effective case.
2021 Volume 7(1) page 4
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Number of infected with modest social distancing effectiveness

Percent infected with moderate social distancing effectiveness
2.0

High hospital
transmission with loss
of PPEs on day 100

0.0
0

100

Day when social distancing begins

300

60 days

75 days

90 days

105 days

Figure 7: The social distancing effectiveness is 40%, hospital transmission is 15% and the hospital runs out of
PPEs at 100 days.
Percent infected with modest social distancing effectiveness
1.000

Low hospital
transmission with loss
of PPEs on day 50

0.975

0.950

0.925

Low hospital
transmission with loss
of PPEs on day 100
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High hospital
transmission with loss
of PPEs on day 50
High hospital
transmission with loss
of PPEs on day 100
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125

130
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110

115

95

100

55

60

45

0.850
50

In Figure 6 around day 85 we see an increase in the
percentage of the population infected eventually by the
virus. However in this case, due to the effectiveness of
social distancing, the benefits to the overall percentage
of infected is reduced where a majority of the population
will eventually become infected. The effect of low and
high hospital transmission are relatively small.
The effect of losing PPE is evident in Figure 6 where
under low hospital transmission a reduction of 3% to 5%
is typical depending on the day of initiation of social distancing. In the case of high hospital transmission the percent reduction may range as large as 13%, though again
there is little effect whether initiation occurs early or late.

45 days

Percentage of population infected

Figure 6: The percentage of the total population infected
when social distancing is moderately effective.
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0.65
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0.70

0.5
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High hospital
transmission with loss
of PPEs on day 50

0.75

1.0

80

Low hospital
transmission with loss
of PPEs on day 100

0.80

70

0.85

1.5

75

Low hospital
transmission with loss
of PPEs on day 50

0.90

65

0.95

Number of infections (millions)

Percentage of population infected

1.00

Day when social distancing begins

Modest effective social distancing

Figure 8: The percentage of the population when social
For modest effective social distancing the overall effect are distancing has a modest effectiveness level.
unsurprisingly relatively small. In Figure 7 the number
of infections at the peak are at or above 1,000,000 individuals. It is interesting to observe that there is a small similar to the other cases. There is a dip in the percentage
increase in the peak number of infections with an earlier of infected with the delay in loss of PPE on day 100,
delay in initiation of social distancing. The cause of the this is again due to the higher infection rate on a large
increase in the size of the peak is due to the higher infec- susceptible population.
tion rate that occurs after day 100, and the fact that on
day 100 there is a larger susceptible population for the 3.3 Impact of terminating
situations with earlier initiation, see Figure 7.
social distancing
The delay in peak infectious individuals exhibited here
is on the order of about 10 days for each 15 day increment Finally we examine the situation where social distancing
of earlier initiation of social distancing. This delay can is terminated after being initiated. In particular we conbe important in order to prepare, though the with large sider the case where social distancing starts on day 45 and
scale of the peaks of infectious individuals the benefits then is terminated on days 150, 200, 250, and 300. The
are small compared to the cases of moderate and high results are seen in Figure 9. In each case of termination, a
effectiveness.
relatively large peak soon follows the termination. WithIn Figure 8 nearly the entire population acquires the out termination the peak is a little over 200,000, though
infection. The effect of high and low hospital transmission the peak grows to over 1.5 million with early termination
and when the low of PPE occur is relatively small when after 150 days, and to near 700,000 for the late terminacompared to the entire population, though the trends are tion on day 300. Each additional delay of 50 days does
www.sporajournal.org
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4

Impact of terminating social distancing

Discussion

150 days

2.0

200 days
250 days

Number of people infected (millions)

300 days
Does not terminate

1.5

1.0

0.5

0.0
0

100

200

300

400

500

Days

Figure 9: The social distancing effectiveness is 60%, hospital transmission is 15% and the hospital does not run
out of PPEs.

Percent infected with moderate social distancing effectiveness
100.00%

High hospital
transmission
Low hospital
transmission

Percent of population infected

90.00%

80.00%

70.00%

60.00%

50.00%
100

200

300

400

500

Day when social distancing is terminated

Figure 10: This represents the percent of the population
eventually infected under moderately effective social distancing beginning on day 45 and being terminated. PPEs
are assumed to be plentiful.

have noticeable drop in the peak as well as a delay in the
timing of the peak.
Figure 10 shows that the earlier that social distancing
is terminated, the higher the percentage of the population is infected when social distancing begins at day 45.
There are modest differences in the low and high hospital transmission cases. This does show that ending social
distancing before day 300 results in about 90% of the
population acquiring the virus. Whereas waiting an additional 150 days results in about 55% of the population
getting infected. This is a dramatic difference in our state
population of 4.5 million people.
www.sporajournal.org

Our model is unique because it analyzes the interaction
between social distancing and the loss of PPE. In the initial outbreak of the epidemic there were a small number
of hospitals and healthcare facilities that ran out of PPE,
however, during the end of 2020 and beginning of 2021
there was large surge of cases that has overwhelm many
hospitals. Our model uses average values for statewide
estimates, which does not allow for local predictions. We
also do not include other factors such as contract tracing and vaccination. Our goal is to analyze the effect of
intervention strategies instead of fitting a model to data.
We developed an SIR model with a time-dependent infection parameter that focuses on the intervention strategies, social distancing and PPE use within hospitals. Our
simulations examine a state population of 4.5 million, and
assume an average value for the infection rate. Due to
change from initiation and termination of social distancing as well as hospitals running out of PPE, we observe
dramatic variation in when the peak number of infectious
individuals occur and the size of this peak.
The death rate of COVID-19 is unknown, and we do
not calculate deaths here, though one could assume a percentage of those infected. In cases where a large percent
of the population has been infected would likely result
in a large number of deaths. These deaths have ranging
impact on individual families as well as the economy as
a whole. Decisions of when to initiate and terminate social distancing as well as obtaining adequate quantities of
PPE are critical to dealing with pandemics and ameliorate their outcomes.
It is clear of the importance of hospitals having sufficient equipment to reduce the transmission of the disease
within hospitals. However, it is also important that the
effectiveness of social distancing is critical in reducing the
number of infections. Ineffective social distancing has little effect on the spread of the disease within the population. Public education of social distancing is vital to save
lives and to not burden the health system within each
community. Our model is relevant now because an increase in contact tracing could spot where cases are most
prominent such as in hospitals or in communities where
social distancing is or maybe not being implemented.
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